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11. EXECUTIVE SUMMARY
The Chinese mitten crab, F.rtocheir sinensis, may be one of the most dangerous invaders

of the Sacramento and San lna~tuin drainages to date, This species, first r~ortad in the South
Bay in 1992, has exhibited exponential population growth and now occurs in massive numbers.
At current and antle~pated population levels, these animals can severely affect the ecological
balances within the San Franuisco Bay/Delta watershed, levee stability, water conveyance and
diversion projects, eoromercial and sport fisheries, habitat restoration mad management efforts,
and human health.

The mitten crab is catadromous: juvenile crabs walk upstream where they grow for 1-3
years and mature crabs walk downstream to spawn in the brackish waters of the San Francisco
BayfDelta. This migratiun pattern means that an entire yea~ class r~eves through known
bottlenecks in the &air, age system. These bottlenecks offer an oppoctunily to interdict the
migratiun and dispose of’the er-~bs. This research proposal will provide necessary background
information to develop passive interdiction pathways that lead to disposal depots.

The primary acological objectives are to determine the substrates preferred ~md rejected
by the crabs for walking. U~der ¢ui~t~olled conditions in a laboratory, crabs will be videotaped
while offered paired choices oftl~ce substrates (smooth, rocky, muddy). Preferences will be
determined tla’ough statistical analysis. Also, crabs will be videotaped while walking over the
same three substratas and various walking p~trana~ler~ (e,g., step Iength, stance width, etc.) will
be naea~ured and compared among substrates. From these data, hypotheses will be developed as
to what physical ~pects of the substrates (e.g., mud stieldnass~ rock size, etc.) enntribute to the
preferences. A third set of experiments will consist of offering the crabs more paired ohoiees of
substrata but the aubstrates will have their physical characteristics manipulated to test hypo~eses
regarding the physical aspcots contributing to preference/rejection of substrata, These results
will provide information necessary for the desig~ of pathways of preferred substrata bordered by
ruj~tad substrata to interdict migrating crabs and guide them to disposal depots.

Adult crabs will be collected at stale and/or federal fish salvage facilities and the
laboratory work will be conducted on the campus of the Univarsily of California at Davis in Yule
County. Because there is no field work component to this project, no environmental impacts will
occur and there are no local programs requLring coordination. The duration of this prejecl is
anticipated to be 1.5 years (Sop 99 - Feb 01) but may be longer if funding is delayed because
crab collection and walking behavior is dependent on migration set,on. Delayed funding may
require extension of work through another fall migration season, The USGS will share cost~ if
funding is from the US Department of Interior (DOI). In that ease, costs to CALFED will be
$286,828. The plopOsed work is europa’tibia with CALFED objectives of recovery of at-risk
native species, rehabilitating natural processes in the Bay-Delta ~ystem, improving recreational_..
fishing, improving reliability of levee system, and reducing negative biological and economic
impacts of establisl~ed non-native species.

The Co-pnneipal Investigators are members of the Mitten Crab Project Work Team (Hut
participates in the Ecology Subgroup; Swanson participates in the Levee Subgroup) and
participated in the developmant off-he National Mitten Crab Mmmgemant Plan Program. They
both have extensive expet lance with aquatic animal behavior and loeomotiol~, and have worked in
recent years in the San Francisco Bay/Delta. Both have Doctoral degrees in biology.
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IlL PROJECT DESCRIPTION
A- Proposed Scope of Work

Introduction. Invasion of the San Francisco Bay/Della and its watershed by non-native
species is one of the greatest threats to the overall health of the system, Invasion is also a serious
threat to the success of’habitat restoration and to native specias conservahan and recovery efforts.
The Chinese mitten crab, Erioehcir Mnensis, is feared to be one of the most dangerous invaders
to date. This species, first reported in the South Bay in 1992, has erddbited exponential
population growth mad penetrated mm~y miles upstream in both die Sacramento and San Joaquirt
drainages. The eatadrnmous life history of the mitten crab amplifies its potenVial to affect many
geo~-al~hic areas within the system. The juveniles walk upstream where they grow over a period
of 1-3 years. The mature crabs walk downstream in the fall to spawn in the brackish waters of the
Sin1 Francisco Bay/Delta. The San Francisco watershed is compatible with the mitten crabs’
natural history because, as indicated by preliminary field surveys (CDFG) and reports from the
state and federal fish salvage facilities, the species now occurs in massive numbers. At currant
and anficipated population levels, they have the capacity to severely affect the Bay/Delta system
in several areas includblg:

¯ ecology (e.g., predation and competition impacts on food webs and benthic communities,
biomagnification o f contaminants);

levee stability (e.g., burrowing may impair levee structural integrity);
water conveyance an d diversion (e.g., migrating crabs clog urban, indastrial and

agriculturaI water diversions, and paralyze fish salvage oparations at state
and federal pumping facilities);

’ commercial and sport fisheries (e.g., direct impacts on crayfish mid shrimp fisheries,
indirect eflhets on anmmercial and sport fisheries for chinook ~almon, striped bass
and American shad by reducing salvage of young fishes, and bait stealing for
hook and line fisheries);

human health (e.g., mitten crab may be a host for the Oriental lung fluke and may
accumulate contaminants);

habitat restoration and management (e,g., hamper native species recovery and
conservation, reduce effeetlveneSs of new fish screens).

Total eradication of the mitten crab may be impossible. Therefore, research and
management efforts must be directed at developing effective, continuous, population reduetion
and control operations that do not negatively impact native species. Effective population control
operations will require detailed understanding of the species’ ecology and behavior (e.g.,
National Mitten Crab Management Plan, USFWS) bu’~, to date, very little i.~ known about this
highly mobile invader. To begin filling this information gap, we propose a focused, applied ._
research proJect to determiee mitten e~b substrate preferences by exanfining their locomotion
and behavior. The results may be applied to devise guidance pathways (e.g., era preferred
substrate) to intercept and attract migrating crabs to collection depots.

Objectives and Approaches.
Objective 1 : Determine substrate (mud, rocks, smooth) preferences of migrating mitten crabs.
Approach: Offer choices ofsubstrates to crabs and determine selectian pattern.
Objective 2: Dete,ntee claaracteristics of substrates ~hat influence selection by the crabs.
Ap~roash: Measure locomotion oarameters (eg., walking speed, step length) of walking crabs
over different substrates and dctcmfine how those parameters change with different substrate
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qualities (e.g., mud stickiness, rock size).
Objective 3: Apply results to help design minimally intrusive migration pathways to intercept,
attract and guide mitten crabs to collection depots.
Approach: Use results of Objectives 1 & 2 to select optimum substrates for path (preferred) and
boundaries (rejected) for an interdiction pathway.

Methods. Adult Chinese mitten crabs will be collected from the state and/or federal fish
salvage facilities in the sotlth Delta. Experiments oa substrate preference and locomotion will be
conducted at the AquaeuIture and Fisheries Prograrn Aquatic Research Center, University of
California, Davis. This litton-phase project will extend over Iwo winter migrations of the mitten
crab. These phases are interdependent, providing components necessary for the design of
minimally intrusive migration pathways to intercept, attract and guide mitten crabs to collation
depots. Project management will be conducted by the Principal lnvestigator.

Phase I, Sop 99-Feb 00: Construct test apparatus; collect mitten crabs; collect data on
substrate preference~ loenmotion, and tested substrate qualities.

Phase II, Mar 00-Ju100: Analyze data front prcfc’rence, locomotion and substrate qualhy
studies; conduct substrate quality manipulation studies; develop substrates with qualities
designed In enhance selection.

Phase III, Aug 00-Feb 01: Collect mitten cr~; collect data on substrate preference and
locomotion on altered auhstrates; analyT~e data; prepare written and videotape reports.
B. Location and geographic boundaries

The stressors, habitats, and species addressed by this project ~re located in all areas
within the Sacranrento-San Joaqttin watershed, �~tuary, and San Francisco Bay where mitten
crabs have been reported. Application of the results of this project, development of guidance
pathways for mitten crab collection and disposal, will have greatest benefit along known mitten
crab migration corridors, e.g., lower Sacramento and San Joaquin fiver~, ~d/or upstl’eara of
federal and state fish salvage facilities.

IV, ECOLOGICAL/BIOLOGICAL BENEFITS AND TECHNICAL JUSTIFICATION
A. Ecological/Biological Objectives

Population control Of e~tablished invasive ~pecies has been identified by CALFI~D as a
major strategic plan goal. This goal ia essential to safeguard plarmed and ongoing habitat
restoration efforts, to protect of native specie~ and, in the case of Chinese mitten erabs~ to pmtent
levee integrity for water conveyance, water quality, and flood control Mitten crabs, because of
their rapid population growth and potential impacts an multiple aspects of the Bay/Delta ~ystem
and watershed, pose an extremely serious threat to the ecological and functional integrity of the
system. Development of effective population control strategie~ and methods requires detailed
under, landing of’the target organism’s biology, ecology, physiology, and behavior 0’gational
Mitten Crab Management Plan, USFWS). However, despite previous mitten crab inv~ion~ in
other aquatic systems (e.g., Europe), v~ry little other than a basic unde~tandthg of the species’
natural history is knower about the species in general, and even Ies~ about its biology within the
Bay/Elelta system. The ohjective of the proposed project is to investigate a erltieal aspect of
mitten crab natural history and behavior, locomotion and substrate preference, and to use the
results to develop an eftqcicnt, effective population control strategy that has minimal adverse
impacts on native species and their habitats. Listed below are the teclmical justifications for the
project approach and proposed population control strategy.
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1~ Mitten crabs are highly mobile mid tmdertake age-determined migrations; juv~alile crabs
migrate upstream (spring-summer) and maturing adults migrate downstream during a relatively
narrow temporal window (fall-winter) to brackish water fiar spawning~ The~e directed
migrations, in which the entire population era particular year-class must transit a limited number
of ruutes, present the most practical time for concerted population control efforts.

2. Comprehensive and quantitative understanding of mitten crab locomotion, the effects of
substrate lype on locomotion, and their substrate prefereoecs for locomotion will contribut~ to
am understanding of migration routes, maximtm~ migration distances, and will suggest ways to
intercept and guide migrating crabs to collection sites for removal (e.g,, using a traveling screen
similar to that undergoing tests at the Traey Fish Facility, USBR) mid disposal.

3. Outrnigrating adult crabs, which are moving from an extremely large geographic
distribution in the Delta m~d tributary river~ downstream to the more constricted confluence,
would probably be the best target for population control efforts for several reasons:

a. intruded probability of intercepting, diverting, collecting, and disposing era large
portion of the population as the crabs pass tln’ough migration bottlenecks;

b. adult crabs are the most serious threat to fish salvage at the state and federal facilities; and
e. reduction in numbers of adult crabs reduces spawning population size and thus reduces

population sizes of micceedlng generations.
4. Effective population eontroI of the mitten crab will probably be a continuous program, thus

development of a method that has minimal impacts on habitats and native species is eruciah
5. Collection and removal of crabs focused at the state and federal fish salvage facilities,

while necessary to protect salvaged fishes, will not significantly affect mitten arab population
levels because migrating crabs collected at the facilities represent only a sinai] fraction of the
adult population.
B. Linkages

Chinese mitten crabs were only recently determined to present a serious threat to the
Bay/Delta system, thus there are no past or ongoing CALFED programs directed at the species,
The proposed project is new and complements several ongoing and proposed research effor!&
including studies of distribution, habitat utilization, and burrowing. In particular, this project,
with its emphasis on substrate preference and lnaomotion, directly complements ongoing
research on collection and diversion methods of migrating crabs at the federal fish facilities
0aSr R),

In addition to development o~’population control measurem for establishad invaslve
species (CALFED Goal 5; F.RPP, Volume l, p. 40, 467; Vol. 2, p. 73), the proposed project
addresses other CALFED and ERPP goals including’,

¯ native species recovery and conservation - mitten crabs have dis~trous effect~ on
fish salvage o!~erations at state mid federal facilities (CALFED Goal l;
ERPP Vol 2, p. 110; Vol 1, p. 497)

¯ rehabilitation ofnatalraleensystem processes and habitats - 1) mitten arabs compete
with native species for habitat and food, prey upon native species, and alter
natural habitats by burrowing; ~ld 2) adverse effects ofinvasive species
like the mitlell crab can negate the positive effects of habi~t and ec, osystem
restoration and operational improvement (e.g., fish screens and fish salvage)
programs {CALFED Goals 2 tUld 4; ERPP Voh 1, p. 40, 467; Voh 2, p. 73)

recreatioual and cummercial species - mitten crabs disrupt shrimp and crayfish
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fisheries, t~aten th~ dungeness ct~ :fishery, ~11 ~lvag~ ~izl ~d
fishes (e.g., c~nook salmon, s~ped b~s, ~efio~ sh~), ~ steal
(C~F~D ~al 3).

. ~ev~ sys~m iute~ri~ - b~owin~ behavior of mkte~ cr~s may im~r leve~ s~ct~l
intu~ty, ~[~n8 weber supply, w~ter quality, flood control, Delt~ ~d
ups~e~ I~d use ~d a~oeiated economic ~cfivitie~, a~d the ecosystem
cst~trophle feilum (C~FED B~y/Ddta P~ Objective).

C. System-wide E~es~stem
B~ i~ ~leer n~bers ~e Chinese mitten creb is ~ving ~ s~ious imp~ in ~e S~

F~neis~ Bsy~elt~ e~ya~. It is impaling fis~ s~lwge operations et s~te ~d
faeiliti~ ~d th~ on reeove~ m~d ~nse~ation of~dofity species (e.g., delts smelt, splitt~l,
chinook s~lmon) and t~e~ten~ w dis~pt benthic commu,~ties, to alter food webs, ~ to
effectiveness o~new fish ~ereens (e.g., impaling flows [~ough semis, closing b~s~). As
~ potenti~l ho~t ~d v~ctor of[he Ofi~n~l lung fluke ~d ~ a po~ibl~ bioacc~ula~or of loxic
compounds end ~e~ls, il may be ~ serious h~z~d for hm~ (~nd enimel) co~pfion~ ~her
neW,five e~[s m~y ye~ be repo~ ~ more in~om~tion hermes available ebout mitt~
wi~in the Bay/Delta sy~:em ~d Sacramento-San Jo~u[n watersh~. Imp~v~ ~d~d~g
of mizen crab natural histo~ ~d the ~sults of this pr~os~ focused ~pli~ inv~figalion of
their movement will provide integral components for development of eff~five population
control ~trategies that do not jeop~dize o~er ecosystem restoration pm~s md have minimal
impacts on native species.
D, Compatibili~ with Non-Ecosystem Objectives

Unlike mm~y oth~ established invaders that l~gely affect ~e Bay~elta ~d wat~sh~
~ology and food webs, the mitten crab a~ poses a credible t~e~l to a numb~ ofnon-
~osystem related issues. Results md applications oft~s proj~t to ten,el mizen ~b
populations will provide benefit for sev~al CALFED non-~osystem objectives in¢lu~ng: lewe
~ystem iale~ty (bunow~g behavior m~y we~¢n levee~); water quality (levee f~l~ could
result in inel’¢~sed salt w~ter i~zion into the Delta ~d r~ueed quality ofdiv~ watt);
water supply (problems with fish salvage may force r~duetions in pumping mt~; mitt~
may ~so aff~t screen~ md ~encd mdu~t6al, urbm, md a~cul~al dive~ion~); ~d
cotme~ial ~d spo~ fisheries (e.g., slump, crayfish, dungenesa crab, chinook sa~on, s~ped
b~s, Ameficm shad).

V. TECHNICAL ~ASIBILITY ~D TIM~G
~e mefltodology described in this proposal will provide the info~ation n~ess~ to

meet the stated obj~tives. Not only will substrate preferences be d~t~ined but ~e sub~te__
characteristics that induce those prefer~ces will be id~tified. Such info~ation may be ~fieal
when construction of interdiction pathways i~ initialed. No other alte~tives ~e ~own ~at will
meet the sam~ objaetWe~.

The ultimate objective (to be pursued under a subs~u~t effo~) i~ to eon~ct eff~tive
inlcrdiction pathways. Cu~ently, these pa~ways are envision~ to consist of the most-pinfold
substrate border~ by the ]e~t-prefe~, or rejected, substratc. Because fl~e w~ng beha¢lor of
the crabs is predictable nnly during migration (downstream), these pathways will be ~n¢fioml
only during the migration period in the fall (August - November). Effects of ~i]tation d~ng
these few months will be much less than if the effort were required to be funclional all ye~.
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However, stream flow and stream bottom vary considerably throughout the San Francisco
Bay/Delta system so some loeatiom 0xe better suited for interdiction pathwnys than others. Also,
the optimum pair of substratea (path and border) may not work at a given location for any
numb~ of reasons. In such cases, interdiction effectiveness with other subatrat~ can be
eslimatad (and detormhled to be worthy of effort or not) based on the results ofPlmse ff[ of the
proposed project. Details on how and where such an interdiction system will fi.mofion is
dependent on the physical ehanmteristies of candidate sites and on the results of this project.

This project will occur in a laboratory setting and requires no CEQA, NEPA, or other
environmental compliance documents. Permits required to be in place to proceed with this
project are CDFG Scientific Collecting Perofit (FG 1379) and CDFG Restricted Speci~ Permit
(FG 1312). Applications for beth permits llave been submitted. No zoning regulations, planning
ordinances or other constraints that could impact the schedule and implementability of the
project are known.

VI. MONITORING AND DATA COLLECTION
A, Biological/Ecological Objectives

The objective is to dete~xrdne the type of substrata on which mitten crabs p~fer to walk.
Previous work (reprint enclosed) showed that the lined shore crab Pachygrapsus crassipee,
closely related to the mitten crab (same family), ohanged locomotory parameters (e.g., mean
walking speed, duty factor, stance width) when walking on different sobstrate.s. That work will
serve ~x~ a model for the proposed project. We hypothesize that the mitXen crab will demonstrate
similar changes and these changes will be indicative of preference for types of substrate. We will
then determine the preferences, modify the substrate to enhance/reduce key characteristics, and
measure changes in strength of preferences. Data on preferred and rejected ~ubstrates can th~n
be used to design paths for inlerdiction of migrating mizen crabs. The major limitation of this
study is the narrow time window in which crabs will be available. If funding is delayed, testing
may need to be extended to another year to include another migration.
B. Monitoring Parameters and Data Collection Approach

This s~dy will be executed in a laboratory so no habitat monitoring is needed, Test
animals will be collected at fish salvage facilities in the south Delta during the fall downsttx:am
migration and relocated to the Uitiversity of California, Davis, for the experiments, Experiments
will be conducted in a test flume constructed for this project. In the flume, flowing water will
indnca directed walking behsvior. Aider the tests, the crabs will be disposed of’as required by the
CDFG Restricted Species Permit,

Parameters/measurements: substrate type (smooth, reeky, mud); substrate quality
(stickiness, rong~less}; Ioeomotinn (walking speed, time dactylus moves on and offthe __
substratum, length of each step, stenee); snb~trate pretbrence (proportion of time on each
substrate, distance and proportion of total distance traveIed on each substrate).

Data Collection: All locomotion and substrate preference experLmenta will be videotaped
to produce a permanent record. In preference experiments, each crab will be presented paired
choices of substrate. Substrate quality data will be measured using appropriate ins~uments.
C, Data evaluatiot~ approach

Sample size: Locomotion and substrata prefcrean¢ data will be collected on a minimum
of 10 adult crabs. In locomotion experiments, each crab will walk on each of three substrstes
(fiat, rocky, rnoddy) enough times to provide five analyzable seqoenees. In substrate preference
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cxperimenta, each crab will be teated a minimum of 10 time8 on each paired substra~e choice.
Locomotion: Walking parameters will be measured from videotapo records using a

computer-~ssisted, video-capture, motion analysis system (Paak Performance Teolmologies,
Inc,). Resulls will be analyzed using compar~iv¢ slatisties (�.g., ANOVA, regression analysis).

Substratepreference: Proportion of l-tree on each substrata, distlmce ~nd proportion of
total diatanee traveled on each substrate will be measured manually flora videotape records.
Reaults will be analyzed using appropriate atatisties (e.g., ANOVA, binomial, Chi square).
D. Reports

Quarterly reports will include financial status, activitica during the quarter, tasks
completed, deliverables produced, problems encountered, and a description of modifications to
tile contract. The final technical written report also will be published in scientific journals where
peer review aasures adherence to current scientific standards. Videotape records will also be
provided to CALFED and made available to interested agencies. All data will be stored by the
Principal lnveztigator for five years after project completlon. Tbcae data may h~v¢ only limited
uae for metadata. There are no e×isting data sources to suppor~ this project.

Table l. Monitorin~ and Data Collection Intbmlatinn

Obj~tives

be Ewluatcd Collection Approach Approach Priori~

each of several different measure walking speed, time eachdifference between (3).

(2) What is the relative Videotape crabs when presented U~e appropriate statistics Es.scnti~l data to
degree of preference for with paired choices of subslr~tes to to deteunine ;~ddre*s Question
each of the tested walk on. Each crab to make clear prefcrences. (3).

(3) What arc the Videotape crabs when preaemed Use appropriat~ statist~s Will b¢ b,~is to
mechanical parameters ofwith paJr~i choices of modified to detemunc Frfereaccsdesig~ pa~ways

make it more/less make clear seloctiens in at least 10of Question (2). of migrating

Vll. LOCAL INVOLVEMENT
This project will perform measuremems on walking of mitten crabs while in a controlled

environn~nl When it is evident that execution of field tests will be fruitful, they will be
conducted utxder the mrlbrella o f a separate funding effort To conduct the propoaca]

incasurezlatents, il is hal necessary for the participation, consent, or endorsement of local agencies,
enviro~m3ental groups, property awl’tel’s, or facility owucrs, or to petfona~ public outreach.
[.Iowever, wc have notified the Yolo C~untry Board of Super’tsars and the ¥o10 Courtly
Planning Depadinet~t about our proposal submisaion (copies of letters are attached).
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A. Budget
The budget in Tables 2 and 3 reflects costs and USGS =ost sharing, assuming that CALFED funds are from sources witlfin the

US Department of Intcrioi (DOI). The Project Management Task consists primarily of validation of costs, preparation of pemodic
reporting reqmrements, response to project-specfic questions, and necessary costs directly associated with project oversight. Costs for
lhis task a~e labor a~d report prepa.ratiorL

rabIe 2. Total Budget (CALFED fimds only) assr.tmcs fundm~ is from U~ De~m-~c~t o_Y/~teKor.

Task                       Dir~:t        Bir~t Salary and Serviz¢       Mat~a-~al and         Mis~. and other    Ovgrhead attd     ~tal Cost
Lar~or Hours Be~fi~s Contracts At;qu~s~tion Costs Direct Ccs~. Irtdire~t Costs

~hase I. Llg6 50,974 300              45,0~30            1 [,55~ 0 107,g27

Phase H 2,343 104,131 400 1000 14.403 0 119,934

Table 3. ta~e:d~ Budget assumes CALFED fundin~ is from US Department of Interior÷

~fa~k Quarter Budget [ Quarmr Budget Quarter Budget Quarter Budge/ Quarter Budget Q~ar[er BudgetQuarte~ Buclget Total
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B. Schedule
Specific tazka will have the start/completion dates rtoted below:

Table 4. Proposed work schedule.                                           . ~

Phase Start Dat~ Com]~l~t Date

Phase 1: Cvnslruet test apparatus; �~olleet mSttetl crabs; collee’c data on O1 Aug 99 29 Feb 00
suhstzate preference, locO.raotion, ~ tested sub~trate qualifies.

Phase II: Analyze data from pr¢ felen~cc, logvmotion and substrata quality 01 M~.I 00 31 Iul 00
studies; conduct subslrate qt~a[it7 manipulation studies; develop s~bg~tcs
with qualittc~ dezigned to e~ne¢ ~leetioa.

Phase II1: Collect mien crabs; eel]cot data on ~bst~a~ pref~enee and 01 Aug 00 ~8 Feb 01
locomotion on altered 8ubs~at~; a~lyze dala; prepare wrltlen and videotape
re~o~

IX. COST SHARING
With project funding assumed to originate fi-om within the US Department of Interior

(DOI), the LISGS will contribute overhea~l charges (16%). A cost savings of over $45,000 will
be realized compared to funding frown a non-DOll source.

X. APPLICANT QUALIFICATIONS
This projezt will have a small, staff, consisti,ag of~e Principal Investigator ~nd

Principal Investigator. The Pnncip~l Investigator will be responsible for administration and
management of the project. Both investigators will share technical and ~xeeutior~
responsibilitieS.

Both investigators are naembers of the Mitten Crab Project Work Team (Hut participates
in the Ecology Subgroup; Swanson participates in the Levee Subgroup) and participated in the
National Mitten Crab Management Plan Program Both investigator~ have extensive experience
with aquatic ard.maI behavior a~d locomotion and have worked in reCent years in the San
Francisco Bay/Delta.

Biosketches:

Clifford A. Hut
BA (zoology) Pomona Collcge ~.967                                                   .-
MA (biology) San Oicge State University 1973
Ph.D. (environmental physiology) UCLA 1983
Current position: Research Biologist (GS-13), USGS, Davis, California.

Relevant publications:

Maneuverability tribe H~mboldt penguh~ (Spheniscus humbotdtt) du~ing ~wimming. Canadian
Journal of Zoology 63:2165 2167 (1985).

10
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Po~poising behavior ofpanguins: energy conservation or respiratory necessity? Canadian
Journal of Zoology 65:209 211 (1987).

Penguin Swimming I Hydmdyoamics. Physiological Zoology 61:333-343 (1988).

Surl’~¢hlg behavior and ventilation in free-t~,nging dolphins. Journal of Mammalogy ?0:833-835
0989).

Wa|king of the shore crab Pachygrapsis erassipes in its two natural environments.
Jot~rnal of’Experimental Biology 165:213~227 (199:2).

Elemental contaminants in the livers and itxgesta of four subpopulation~ of the American coot
(Fulica americana): an herbivorous winter migrant in San Francisco Bay. Environmental
Pollution 101:321-329 (1998).

Christina Swat~son
BA (biology) Comelt University 1980
Ph.D. (biology)UCLA 1991
Cumet~t position: visitbag post-docloral researcher, Department of Wildlife, Fish, and

Conservation Biology, University of California, Davis.

Recent publications:

Swimming performance of delta smell: maximum performanoe, and behavior~ and kinematic
limitations on swimming at submaximal velocities. ]oumal oi" Expefiraantal Biology. 201:333-
345 (1998); with P. S. Young mad J. ~. Cech, Jr.

Performance, behavior, and physiological responses of Delta fishes in two-vector flows in a fish
treadmill. Part 3. Biological stodieg using the fish treadmill. Final Report, California Department
of Water Resources. 59 pp. (1998); with P. g. Young and J..r. Cech, Jr.

interactive effects of salinity on metabolic rate, activity, growth and ozmoregulation in tl~
euryhalin¢ milkfish (Chanos chanos). JOUnlal of Experimemal Biology 201:3355-3366 (1998).

Comparative enviromnental tolerances of threatened delt~ smelt (Hypomesus transpacificus) and
introduced w~kasagi (H. nipponenMs) in an altered California estuary (1999); with T. Reid, P.S. --
Young, and J. J. Cech, Jr. (submitted, manuscript available on request) ,
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WALKING OF THE SItOR~ CRAB PACttYGP, APSUS
C~ASSII’ES IN ITS TWO NATIIRAL ENVIRONMENTS

]~v CLIFFORD A. HUI*

Chemistry and Bir~chem~srty Brco~k, (~d~. ~21, Naval Ocean A~tems
San Diego, (~ 92~2-5~), USA

A(:cep~ed 3J D~’eemker 1991

Sltt~re craDs inhabit t’~’o envlronmcv.ta] regimes wbilc their brachyuran relatives
inhabit only o,c. ~cre is no shore crab more success£ul tban zhe lined shore crab
Pachygrap~,us crmsipes’ Randalh ’~is crab is fouled along rocky shores on the west
co~st of North America from 24~20’ to 45° l~titude and in Japuo and Korea
betwcea~ 3d~’ and 37~ (~att, [9~8). lks habitat extend~ from the upp~
intertidal zo~C to the highest high intertidal zone (H~att, 1948)~ and tim c~ab has
beech maintained Out of wate~ for up to 4 days (GrosS, 7957).

An imporsant element in the successful com~tition of P, (?rass@¢b’ is loco-
motion, la~comotlon c~ubles mi~rati~m (Bovbjerg, 1~; GrosS, 196l), foraging
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214 C.A. Hut

(lIiaLt. 19~-8), cot~rtship (Bovbjel~,, 1960b) ~nd predator es¢~pe {Hiatt, 19~). All
these activities, e~¢~pt ~ourtshlp, ovcur in hofl~ air ~nd w~ter. However, the
physical requirements for locomotion differ between the two regimes. In air, it is
the vc~ical force ¢.~f gra~’ity that m,~y destabiliT~ (cause loss of control) a waling
crab, but ~n wate/, buoyancy neutralizes the effects of ~avity and it is the
horizomal fm’ees of currents or dr3g ~esista~ce that are destabilizing.

These vwabs may ehang~ ~o~motion variables ~o ~mmodate the different
physical coastraln~s of e~clx regime Other animals change locomotion patterns to
minimize cnex~y expenditure (Hoyt and Taylor, 1981’, Dawson a~d Taylor, ~973),
maximize ventilation (Jackson and Prange, 1979: Ca]wie[, 1987; Hui, ~987, 1989)
or l’eduee mechanical stresses (Faz’ley and Taylor, 1991). So~e spiders have
dlffercnt walking patron,s when walking on land to those when walking on water
(Schultz~ 1987). In file lighl of these obsctvdtions a~]d because a change in
environmental regimc trigge~ a c~ange in so~al behaviour of P. craysipes
(B~vbjcrg, 1960aL it sc~a]~ ~ea~so~able Io expect that a ¢hztnge i~ environmental
rcgtme, with its concomitant change in physical forces, ~’ould also trigser a change
ia Io¢omotory patterns.

There arc many studies of w~i~ng c~staccans (e.g. Po~d~ ~975; Barnes, 1975;
Ch~sscrat and Clarae. 15~; Grotc, ~981; Hesslcr, i982; Clarac etal 19~7~
Blic~haa and Full, 19fl7; Mullcy and Cl~rac, l~;0a,b), but the nat~re ot
modifications ~n Iocom¢gtion effec~ed in compe;~satlon for changes in normal
environmenlal co~dttions has not been thoro~ghly explored, l report here on thc
diffc.rcnces in locomollon patterns of Pa~hygrapsu.~ crc~.vaipes walking in t~ ~x’o
envirom~]enta] regimes and tw~ terrains oI its normal l:ab~ta~.

range for the ma×imum wklths of the e~raEac~s was 3"~ ~ 3g.Smm~ well abow th~
14~Omm width of ~il~imum slz¢ fo~ sexual ~aturity IHiatt, 194~). The mfimal~

Recording                                  ~
Video recordings (Pan~sonic WV 172 cam~;ra, Pat~asoah; AG2400 recorder, at
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Wall~ing in two environments                 215

Fig, l, Schematic dry, wing (not to ~calc~l showing rlac general contigaratio~a ef the
ob~crva~iort ~ct-up.

consumi~) when the crab w’as w~lking. Each re~i~aae had two ~errains: smooth (a
large paper towel was fastened to the bottom for traction) and rocky. The [ocky
~ub~t[atum coati,led ~f ~ever~ll laye~ o[ ]:~tl~domly placed broken qaart~like
rrmteri~d T}~e thlckn¢~s of t~c qayers was adequate to ensure th~l, if ,~ space
between rocks ~pened direcdy ~o the floor of the p2astic pan, the distance was

~ndom ptacement en~ure0 an i~eg~/~[ walk~g ~face. The ]:ocks l~ad a mean
m~ximttrn length (_+s.r~.) of 42.8+9.9mm and mean maximum widd~ of 30.5

thc d~lrk body colour o~’ the crnbs ~nd f~cillt~tcd video aianl~sis.
Each crab was i~dividnally recorded walking over both terr~ir~s (t~ne at a time)

aa even sidcw~W, gait and ehqrity of ;l~c i~r~ages. Ground contact ~y the dac~lu~ i~
evident bec~tuse (1) h~rizontzd di~pl~cement ce~lse~ and (2) ~he dactylus changes

camera’s view for each w~dking sessiort artd used ~or scaling adjustments.

~op action capability of the pl~ye~ (Faaa~onic AGSIXI) ~nd tb.e oa ~c~-ee~ time
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the da~-tyli of a contra[atcr,d leg pair within one ~tep sequence). Th~ stance
measurement did not requ~e {hat both da~tyii of thC pair be on the substratum
slnlnltaneously. The number of steps measured for each daetylus for each walking
sequence varied from 0 to 7.

RuoyamT
The weights of this ~pecies o~ crab in watar and in air w*r~ determined using 13

individuals nol u~d in Ihe locarn~tion ree~rdings. The range of the rn~ximum
e~,rglpace widths was 26 9 35 3 ram. The crab~ were divided into twl) group~ (mean
earapr~ee widths: 32.00+~ 38mm, ?,4.1)5+1.23mm) ~ad the imtividuals in each
g~oap ~cre weighed together ~ls a slnglc gt~oup ia both air and water. Weigtung
them as groups increased the to~a[ weight, th~:reby reducing relattve error.

Resnlts
Eighty-two walkh~ sequenee~ were exam_ined: 32 in a~r (3 crabs, 17 sequences

on smooth t~mdm 15 scqueac~s on r~ky) and 50 submerged ~5 crabs, ~
~eqdence~ each on smooth and rocky terrain). Occasionally ~ crab walked
forwards, backwards or obliquely or turned, hal these sequences were not
considerc0, Smnple ~ze was inadequate for paired enmpari~ons, On earehd
obs~rw~tiot~, 1.he fomth (las0 ]cg on each side appeared to ~ used ~ ~ tactile
sensor to~ £reOucnlly to be considered ~ participant in the general walking pattern
displ~yed by th~ other legs (Fig. 2). Statistical results were more random when
data from Ihe fomth legs were included Theref~re, the results prese~ted here
excl,de data from the fomth leg~ unless otherwise noted, The cr~bs displayed the
~anous gaits expected by Wilson (1~) at the higher walking speed~ for i~sects
aithough the crab~ were walking ~lowly. ~he alternaling tripod gait Wilson
described for the hSghcst speeds occurred in crabs as the alternating tetrapod gai~
but appea~ed ,d lhe ~lowczr speeds, The crabs never appeared m ~mmble. When a
dac~’lus mis-s/eppc;~ into a hole o~ rocky terrain, the leg continued through the
~tepl~ing minion cycle m~td it made contact with lhe subslramm,

At a constant fl’al~ng rate of ~framcss ~, the relative preclslon of the timing
measuremems decreases as the walking speed increases. Ugi~g the relationship~
amoflg ~tepping frequency, framing rate and max~un~ error dese~bed in error
analysis ~or stepping locomotion (Ward and Humphreys, i981), the maximum
error at the £a~test ~’alking spc~O i measm~d (41.2cn~s ~) i~ 9.3% tff the step
duration. The maximum error of the 85 % of the total walking spc~ds that were
below 12cm s ~ (Fig 3) is wNI within the ~ % error ~nsidered acceptable. The
mean errors are half of the maximum error v~lucs (Ward and Humphre?~, 1981).
’lhe varlability in precision does not biK~ the n~easur~ment estimate systematically
in any direction but incrcgscs the variance about the mean or p~esumed t~ue value.
Accordingly. none of my analyses regarding the ~me measurement is dependent
on tl~e precision of a given s¢~ of measurements. ~e analyses consist of
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A

Time (s)
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Walking b) two e¢lvironments 219
Table I Some wa¢~i~g t~arlab~ea qfl’achygrapsus cr~ssipes leg rows gn different

Air, rocky, Ic~ding, 15 47.3£13.3 0,67 0.~{ 55.6-44

Table 2 Regre~.qbn coefficients for stepping [)’eqt ~r cy (steps s ~ ) a,9 a f~ttetion of
wal~ing ~’peed (era ~ t )

did not dilfer between leading and trailing leg rows for three of the conditions
(two sided Marm Whimey test, P>0.42), hut the trailing leg row had a signifi-
canlly gr(:~tt:r phase shift than the leading row on the smooth terrain o~7 the
submerged regime (t~,,o.sidcd Mann-Whitney test, P<0,008), The phase differ
cnec did not change with the walking speeds I measured under any condition for
clther the leading or trailing leg ruws (r~ r{mgc 0.00 0.24).
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220 C.A. HUT

Table 3. Step-length ratio~ qf leadin~,:#’ailhTg leg rowx and the stance width

The duty factor (fracti on of the step cycle in which the dactylus i~ in con tact with
the substructure) of the Icadh~g row w~ls less than flint of the trailing row in the
submersed regime (two-sided Mann-Whimcy tc~t, P<I).(J1 over smooth terrain
and P<O (kl over rocky terrMn), h~ the air regime the duty factor,’, between leg
rows were the same (two-sided M~mn-Whimey test, P>O.07 over smooth terrain
and t-’>.0.~ ow~ ~ocky tectal±0, In air, the duty faclor of the trailing leg rows over
Iltc two tcrrain~ ib the ~ame (two ~ided Matin Whitney test, F>9.37), I~ut it is
greater in the leading row over rocky than over smooth terrain (two-sided
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Table 4, 5aT lettgt?ts (ram) of Pachygrapsus crassipes wAet~ walking in different
co~zdi~ions

Mann-Whitney test. P<0,(13; Table 1), These wa~ no sigmficant rdationship with
walking speed 0~ la~nge D.0D.JI.39 f;~r all four conditions), possibly due partly to
thc large varlabilitv of the duty f~wtor at the lower speeds and the small sample size
at the higber speeds (I"ig. 8),

The stances differed signifi,~antly amot~g conditions (two-sided Mann-Whitney
test. P<0.t~35). The widest and nar~t~west stances occurred in air while the two
¢onditi~ns of the submerged regime had stances close~ together anti between the
values Ibr the air regime (Table 3). Stance did nt~t change with walking speed (r~

range O,01 0,22 for a]] conditions),
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Walking in two environments 223

Buoyaaey ¢liminated over 80% of in-air weight when the crabs were ~ub-
m~rged, One grcm[~ !ost 83.5 % of its in air weight while ~he othe~: lost 85.0 %. Th~
difference tony be due to incomplete fill~ng of lhe branchial chamber wl~en
fi~mersed for measurement. "l’h~se results indicate a ~pe¢ifi¢ gravity of !.2 for

Because I made no etfont to examiae the fi±ll r~mge of walking ~peed~ for these
~rabs under any of the ecmclili{ms, the~e weed range~ arc probilbly no~ representa
tire of ~he crabs’ abilities, Therefore, my interpr~tatmns of speed-related

studies¯ iIowevcr, because the overlap of the ranges is so extensive, comparison of
the walking variables for each or the different condition~ s¢~ms reachable,

Pachygrtq~mts crasMpex obviously modi~" walking ~aiiables according ~o regimes
and ~crrain Although various aspecl.s o[ the clabs’ ecology may be the cau~es of
these IIIodilicaliOil8, Ihe belmvioms are consistent with a lnmmotion paradigm
The prmaary habilat of rocky simms (Hi~tt, 1948; Gross, 1957) Carries with it a risk
of accidental damage to ear~pacc or appendage due to
w~l king modifications may be to maximize ease of walking
injury.
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224 C, A. Hu~

Tt~e rocky wrrain in air oltercd tile highest rigk and the crabs displayed the

Such a surldce is more likely to iniure the body in the event ofa mis step. The

~ower its body to a!luw th~ dac~n~ m extend ~u~her ia its ~varch ~or auother site.

potemia[ lot ;Mlii~g that ’dyni~lllic’ ~tability’ has (Hflaebrand, 1980). Because it has

~rab can toe�case its static ~taNlily by increasing its duty Ncto~ ~Be largest duty
factor o~" all leg rows occurred over rocky terrain in air (Table 1), where poor

The effect o¢ booyarxcy when sub.raged redu~s the risk of dtm~agc whcn ovei

boundary layer that occurs at tl~e substratum suriace (Vogel, 1~i), The d~ty

push with their trailing legs instead of pulling with their leading legs (Hafemann
and Hubbard. PJS9; gurrow~ and Hoylc, 1973).

(Weihs, 1974) m~d low fineness ratios (Blake, 1983) like ~esc craig, A phase
differe~lce of ~% for the trailing (plopuluive) l¢g rmv ~oula allow more uniform

r=tlot~ale is supp~*ted by result~ showing lbat the only condition in which the

The Drccs act, ded to overmme Iocom0tou drag can be roughly estimated and
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Walking in t~¢,o environments 225

~;ron|~ll ~lre~/o~ the crab t~ the direction of motion (A) is 4cm~; speed (~ is
10 cm s-~: dra~ c~*cfficient (Ct)) is 0.5 (hi ant body wifla rounded ~rners); and the
density of water (p) is ~0 kgm-3. Using drag (D)-O.5pACDU~, D-0.~I N, If
the crab has a mass o~ 35g in air. then it ha~ an underwater ~eight of 0.05N
(0.035 kg in ~irxg.SN kg-~ x0.16 ncg~tive buoyatacy). Therefore, a: the majority
ot unde~wate~ walking speeds I observed~ the for~s required to overcome drag
appear Io be approxim~Ite]y one order of magnitude lower ~an those required to
overcome

Crabs apparently recognize the gcnelal nature of the tcrruin and remember
details as daey encounter them, at least for the short term. The ri~k of injury due to
a rnis-step ~ air over rocky ter~0in would make learning more imperative ~herc
than ~ver d~c olhcr terrains. In air over ~ck)’ tom, in the leading legs generMly
have shorter steps than the following legs (Table 3), a pattern ~o be expemed if the
crab is learait~g the iii¢gulafities ~’ith the lending legs but not the ~railing legs.
Con~cqut~n/ly, the trailin~ lag~ ~n ~ ~lacefl directly o~ a known stable site and
not used for tacfile ~e~rehing, resulting in a longer step length. Over ~mooth
te~aln ~n both regimes the leading tcgs do not need to ~carch ~nd, over rocky
terrain in the submerge0 regime, buoyancy diu~nishes pcoblem~ from ~s-steps.
Correspondingly, untlcr I.hesc t~ee conditions not rcqu~ng tactile searching, the
leuding legs I~kc longer steps than dt~ ~hc tr~iling legs (Table 3). ~eu~omuscu]ar
z~ctivi~y of Carcimi.~ maenay Over ~mooth terrain in the two regimes also indieotes
longe~ steps by the leading legs (Claret et el.

Vision pla~ an importzm, role in ascertaining the general nature of the
(Hiatt, 19~). The eves can be elevated ~nd rotated in their stalks to maximize
their visual czpaci~’ (Iliztt. 1948). However, because the eyes are located
anteriorly ~*~d the cr~b walks sideways, the eyes may not be ideally located to view
the terrain in the path of t~,wcl, i’erhnps in partial c~mpens~tion, the foucth leg of
each side. Io~tcd at the opposite ettd ~ff the: body from the cyc~ is used for tactile
fcedb~tek about the terrain n~d is n~t a consistent direct ~ntributor to P.
walklng or to ghost crab cunning (Milne and Mi2ne~ 1946; ~femmm and
Hubb~rd, 19~}. The tactile fe¢dbock ot ~he fourth legs can also be instrumental
when Ihe crab walk~ blwkwards and when it seeks refuge (HiaU~ t948; Bovbjerg,
19OX~),

~comt~ti~n hi two regimes is a key adaptation for shore crabs. The ability to
walk from a submerged regdn¢ onto land requires adjustment to a sixfold increase
in gravitationat effects, an issue that mus~ have been one of the first ~ddressed to
facilitate adaptutions lot terrestrial excursions. Terrestrial adaptations for dessi~-
ti~a, respiratiotl and thermul gradients can develop in small increments z~ftei the
advent o~ ten-estrial excut’slons. Real proficiency in ~errcstri~l locomotion enables
so,itching fi~r scpi~r~tc bodies ~f water compatible with smwival and propagufion.
Escape from the aquatic ~egime when dissolved o~ygen decleases to levels
approaching zero. ~ts h~s been obse~,ed in ctm~nl I,goo~s (Carpelin, 1~1), offem
survived E~ape to ~he terre~trla! re#me offers avoidance of aquatic predators and
exposure o~ another h~lbitat tor foraging. Coastal I~,goons may have afforded ideal
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c~ndltiOnS f~)r the evolutiotl of terrestrial crabs (O~o~, 1961k), but the ability to
walk in both regimes must have been ~ne o[ the first steps in that evolution.

I thank R, R. H~[cr anal two anonymous r~v~ewers [’or helpful commen~ on
the manuscript and F. S. Sbipp fi~r teclmical assistance. This effort was supported
largely through NAVSF~A Program Element 63721N and NAVFAC [R Project
NO5C~89-05.

2~2,239 ~ ¯

IIgl, C, A, (1989), Surlac~ng behavior and vcntflatilm in free-ranging dolphin~. J. M~rnnU~l. 70,
833 835.
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One Shields Avenue, ~avis
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U. S. Dcpastment of the Interior
U.S. Geological Survey Biological Resom,ces Division

Davis Field Station
278 Kerr Hall

University of Callfornia
One Shields Ave.

Davis, California 95616-5224

April l,l~ 1999

Mr. David Momson, Resource Manager
Yolo County Planning Department
292 W Beamer St.
Woodland, CA 95695

Dear Mr Momson;

By this letter we are providing notification of that it is the intent of the Western E~ologieal
Research Center of the Biological Resources Division, a division of the US Geological
to submit a proposal to CALFED to conduct research studies within Yolo County. These studies
will focus on the non native invasiv¢ species known as the Chinese mitten crab. Although this
crab is now distributed ttt~oughout most of the drainage system of the Sacramento River, these
particular sludies will be conducted in laboratories on the campus of the University of Calilbmia
in Davis. These studies focus on an aspect of walking biology of these crabs with the goa! that
the resultant information will t:acilitate the reduetmn and contxol of their populations.

If you have any questions, please cenlact me at the Davis field station: (530)752-6420.

A, Hal, Ph,D,
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U. S. Department of the Interior
U, S. Geological Survey Biological Resources Division

Davis Field Station  --USGS
278 Kerr Hall

University of California
One Shields Ave,

Davis, California 95616-527.4
(530) 7S2-~-420      FAX (530/ 752-8561

April 14, 1999

Member~ of the Yale County Board of Supervisors
Board of Supervisors’ Office
625 Court Street, Room 204
Woodland, CA 95695

Dear Board Meinbers;

By this letter we are providing notification of that it is the intent of the Western Ecological
Research Center of the Biological Resou:ces Division, a division of the US Geological Survey,
to submit a proposal to CAI.Ft~D to conduct research studies within Yale County. These studies
will focus on the non-native invasive species known as the Chinese mitten crab. Although this
crab is now distributed flzroughout most of the drainage system o£ the Sacramento River, these
particular studies will be conducted in laboratories on the oampus of the Oniwrsity of California
in Davis. These studies focus on an a~pect of walking biology of these crabs with the goal that
the resultant information will facilitate the redaction and control of their popnlatiot~s.

if you have any questions, please contact me at the Davis field station: (530)752-6~20.

Sin~,e.re!y, /

Cliffo/d~A, Hui, Ph,D,
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U, S. Department of the Interior
U~ S, Geological Survey Biological Resou~es Divisio:n

278 Kerr Ball
University of California

One Shields Ave.
Davis, Califor~tia 95616-5224

April 1~,, 1999

Delta P~ot¢clion Colmnissian
14215 River Road
l’,O, Box 530
Walllut Grove, California 95690

De~ Commission Members;

By this letter we are providing notification of that it is the intent o flhe Western Ecological
geseerch Center of the Biological Resources Division, a division of the US Geological Survey,
to submit a proposal to CALFED to conduct resea~h studies with results which may affect the
Delta. These studies will focus on the non-native inva~/ve species l~own as the C’hiues~ mitten
crab, now distributed throughout nlost of the drainage system of the Sacramento and San Joaquin
Rivers. These particular studies will be conducted in laboratories on tile carapas of the
University of Calilbrnia in Davis. They will focus on an aspect of walking biology oftlaese crabs
with the goal lhat the resultmzt information will lacilitate the reduction and coiatrol of crab
populations.

If you have any questions, please contact me at the Davis field station: (530)752-6420,

/
t. Hui, Ph D.
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